Other metals as substrates
In current electrical and electronic industries, Cu is the most popular raw material due to their high electric and thermal conductivity with relatively low cost. Thus, it is very interesting to directly grow CNTs on Cu substrate. It is known that Cu can act as effective catalyst for CNT growth under certain conditions (Gan, et al. 2001 & Qin, et al. 2004 ). However, the grown carbon nanostructures catalyzed by Cu are spaghetti-like and the catalytic activity of copper is accepted to be much lower than Fe, Co and Ni . Therefore, it seems necessary to introduce other more active catalyst to grow dense aligned CNTs on copper substrate. Directly deposition of catalyst on Cu substrate is an obvious choice. However, as discussed above, Cu is not an efficient catalyst for CNT growth and easy to form a solid solution with the common catalysts (especially for Ni) at high temperature. The diffusion between catalyst and copper substrate may induce the loss of catalyst. Thus, the catalyst layer should be thick enough to guarantee enough unaffected catalyst residues to catalyze CNT growth (Singh, 2002 & Yin, 2008 , meanwhile, some authors reported that thicker catalyst layers resulted in larger diameter of grown CNTs (Atthipalli, 2011) . Therefore, adding a diffusion barrier layer between catalyst and copper substrate is a promising and preferable choice for high-quality aligned CNT growth, although this may increase the contact resistance between CNTs and Cu substrate in some content. A thin layer of alumina has been used as diffusion barrier in most literatures. Lin et al. investigated the effect of the deposition method and thickness of alumina layer on the quality of CNT growth systematically, infering that a well-controlled conformal alumina support layer played an important role for the aligned CNT growth with high quality and reproducibility . Other ceramic materials, such as TiN, In 2 O 3 :Sn (ITO), and SiN x , were also examined as effective barrier, inferring that the extent of CNT coverage depended on the barrier layer quality (Garcı´a-Ce´spedes, et al., 2009) . Apart from ceramic materials, some metals, such as Ti (Sung, et al., 2008) , Cr, Au, Ta (Nessim, et al., 2009 , Pa , Al (Burt, et al., 2009 & Kavian, et al., 2011 , and so on (Wang, et al., 2003 & Kim & Gangloff, 2009 , were also used as efficient barrier layers or substrates directly. Although CNT growth on these substrates or underlayers was affected by many factors, understanding the coupled influences of barrier layer thickness, grain size, and catalyst dewetting is an important step in development of a more complete understanding of CNT growth mechanisms.
Applications of CNTs directly grown on bulk metal substrate
Due to a high aspect ratio geometry, small tip radius, good chemical stability, low coefficient of thermal expansion, high thermal and electrical conductivity and mechanical strength, CNTs have attracted great interest as thermal management materials for microelectronic packaging, electrode materials for use in energy storage cells and supercapacitors, field emission (FE) electron sources for use in flat panel displays, e-beam lithography equipment, x-ray sources, and vacuum microwave amplifiers, and so on. For these applications, as discussed above, high electrical and thermal conductivities are required, which usually needs a conductive substrate to connect with CNTs. Compared with the external connections, the biggest benefit for direct growth technique of CNTs on metal substrate is that can reduce the contact resistance and form an ohmic connection between CNTs and metal substrate, which is crucial for electronic devices. Thus, it is expected to have a significant advance toward the goal of replacing external metal conections with CNTs, such as CMOS-compatible processes, by direct growth technique (Nessim, et al., 2009 & Kim, et al., 2010 . Experimental results indicated electrical contact through the CNT carpet to the metallic substrate (Cu) by direct growth with an approximate resistance of 35 kΩ for multiwall CNT carpets taller than two micrometers (Nessim, 2009 ). Talapatra et al. further certified that the average total contact resistance of aligned CNTs directly grown on inconel by a vapour-phase catalyst delivery CVD method, measured over many samples (typical pattern size = 70μm×70μm, height=50μm), was even as low as about 500Ω. The power density for the double-layer capacitors fabricated using the Inconel substrate with directly grown aligned nanotubes as electrodes was about 7 kW kg -1 even at a high scan rate of 1000 mV s -1 (Talapatra, et al., 2006) . Due to the good bonding and excellent conductivity by interface-controlled growth of CNTs directly on Cu current collectors, Li ion battery using the novel directly grown binder-free CNTs structure as anode showed very high specific capacity, almost three times as that of graphite, excellent rate capability even at a charging/discharging rate of 3 C, and no capacity degradation up to 50cycles (Lahiri, ea al., 2010) . The CNT-based field emitters, prepared on metallic substrates by direct thermal chemical vapor deposition, exhibited a very low turn-on field, high emission current, long time stability and good resistance to degradation in high-field, long-time exposure (Mauger, et al., 2004 & Sung, et al., 2008 & Mahanandia, et al., 2009 & Yi & Yang, 2010 than straight CNTs . Several studies have revealed that CNTs have unusually high thermal conductivity in their axial direction (Berber, et al., 2000 & Kim, et al., 2010 . Thus, one promising application of CNTs in microelectronics is to use vertically aligned CNT arrays as novel thermal interface materials (TIMs). Direct synthesis of vertically aligned CNT TIM layer on the backside of a silican chip is not compatible with current electronic packaging systems. Instead vertically aligned CNT synthesis on metallic substrate, especially for copper, is preferred. The TIM, made up of a thin copper foil covered with Cr-Au-MWCNT on both sides, showed a thermal resistance as low as 12 mm 2 K/W (Wang, et al., 2007) . Recently, Lin, et al. developed a novel assembling process of incorporating carbon nanotubes as TIM for heat dissipation by synthesizing vertically aligned CNTs on a copper substrate and chemically bonding the carbon nanotubes to a silicon surface. Experimental results indicated that such an interface modification improved the effective thermal diffusivity of the carbon nanotube-mediated thermal interface by an order of magnitude and conductivity by almost two orders of magnitude . Due to the retained mechanical flexibility of the metallic substrate (such as stainless steel) after CNT forest synthesis and its renewability and low cost, direct growth of CNTs on metallic substrate becomes a promising approach for industrial production of CNTs, CNT yarns and sheets (Baddour, et al., 2010 & Lepro´, et al., 2010 & Iijima, 2011 .
Direct growth of CNTs on metal powders
Since their discovery, carbon nanotubes have been regarded as an ideal reinforcement for composites to overcome the performance limits of conventional materials, due to their excellent mechamical and physical properties. Many research efforts have dealt with CNT/polymer composites, which exhibit a tremendous strengthening effect for the composites (García, et al., 2007) . However, the results in metals are not as encouraging as those in polymer. This is mainly due to the difficulties in achieving homogeneous dispersion of CNTs in metal matrix and good interfacial bonding between CNTs and metal matrix. So far, nearly all the efforts were made through powder metallurgy route, which involved (Cha, et al., 2005 & Kim, et al., 2006 ). In the above methods, CNTs was inclined to be damaged and lose their initial properties during the mechanical milling or their functionalization process. Alternatively direct synthesis of CNTs in metal matrix composites may overcome the problems associated with conventional methods and achieve homogeneous distribution of CNTs and good interfacial bonding between CNTs and metal matrix. In this section, we will summarize our recent progress in this field. Several metal powders, such as Al, Cu, Mg, Ag, have been proved as effective support for CNT growth. The catalyst dispersed on these metal powders was prepared by deposition-precipitation. The experimental procedure was described in Fig. 2 . CNT growth was performed by a simple CVD process.
Aluminum powder
As mentioned above, aluminum can be used as effective underlayer or substrate for catalyst deposition, probably due to its easy formation of a passivation oxide layer on the surface of Al (Liu, et al., 2008) . In our study, Ni nanoparticles were homogeneously deposited on Al particle surface by a direct deposition-precipitation method. Figure 4b is an enlarged SEM image of several typical CNTs (indicated by arrows) dispersed in the Al powders. It can be distinctly observed that the CNTs are not agglomerated at all. Moreover, we have noticed that some locations, marked with ellipses in Figure 4b , form network structures between the CNTs and the Al powders.
The microstructure details of the CNT(Ni)-Al composite powders were investigated with high-resolution TEM (HRTEM). The low-magnification HRTEM image in Figure 4c further verifies that the tips of the CNTs encapsulate metallic particles. An HRTEM image of a typical CNT, as seen in Figure 4d , demonstrates that the CNTs are well-graphitized multiwalled nanotubes. The graphitic sheets of the CNTs (see Fig. 4d ) are apparent, and the interlayer spacing between the sheets is 0.34 nm, consistent with the ideal graphitic interlayer space (0.34 nm). To determine the length of the as-grown CNTs, dilute nitric acid was used to remove the Al from the composite powders. TEM analysis indicates that the CNTs are easily entangled after removing Al as a result of strong van der Waals forces between them, and their lengths range from 1500 to 2500 nm. The CNT(Ni)-Al bulk composite was prepared by pressing and sintering the CNT(Ni) composite powders directly. The microstructure of the composite was investigated by TEM.
In the low magnification TEM image of Figure 5a , we see only some black Ni nanoparticles (indicated by arrows) distributed evenly within the Al grains. When investigating the area around the black Ni nanoparticles in detail by high-magnification TEM, it is found that the CNTs with encapsulated Ni nanoparticles are dispersed very homogeneously within the Al matrix (as seen in the inset of Fig. 5a ). In particular, the TEM image (Fig. 5a, inset) shows that the interfaces of the CNTs and Al bond well, and that no reactant is formed by the present technique. Furthermore, the Al grains reinforced by CNTs present a very low location density. Figure 5b is an SEM image of the composite fracture surface, which shows CNTs with an obviously tubular structure (Fig. 5b, inset) . Moreover, it can be observed that the CNTs are dispersed very well into the Al matrix, and some CNTs are pulled-out or broken (marked with triangles), which indicates that the load transfer from the matrix to the nanotubes is sufficient to fracture the nanotubes. , which is about 96% of the theoretical density (2.6 g cm -3 ) of Al with a 5 wt% CNT reinforcement, and about 93% of the matrix density. The hardness (0.65 GPa) and tensile strength (398 MPa) of the CNT(Ni)/Al composites (c) are 4.3 and 2.8 times that of the pure Al matrix (Table 1) . To further verify the strengthening effect of the in situ synthesized CNTs for the bulk composites, the same composite was also prepared by a traditional method, which involved the preparation of CNT(5 wt %)-Ni (1 wt %)-Al composite powders by ball-milling the CNTs and the Ni-Al powders, pressing, and sintering of the composite powders. According to Table 1 , the hardness and tensile strength of the in situ synthesized CNT(Ni)-Al composites (c) are 2.0 and 1.8 times, respectively, that of the composites with a similar composition (b). This remarkable strengthening is caused by the dispersion strengthening of the homogeneously dispersed CNTs and Ni nanoparticles. Besides, the retention of the perfect structure gives the CNTs their extreme hardness (62-150 GPa), whereas molecular-level homogenous mixing between CNTs and Al powders brings about strong interfacial strength between CNTs and Al powders. Both factors contribute to the tremendous enhancement of the overall hardness and strength of the composites. The strong interfacial strength between CNTs and Al powders that resulted from very good homogeneous dispersion of CNTs in Al powders is especially important to improve the composite performance, because it can cause high load translation during tensile processes (as suggested by pulling out and broken of CNTs in Fig. 5b ) and thus raise the fracture energy and the tensile strength of the composites. As for the CNT-Al matrix composite produced by a traditional method, the interfacial strength between CNTs and Al powders can not be expected to be high because of the mere mixing of the CNTs and the Al matrix. Moreover, the high-temperature generated by high-energy ball milling and plasma spraying damages the perfect structure of CNTs. As a result, the reinforcement effect of the CNTs on the composites is not very outstanding (Kuzumaki, et al., 1998 & Laha, et al., 2004 & George, et al., 2005 . Compared to reinforcements such as Al 2 O 3 (Huang, et al., 2003 & Kang, et al., 2004 , SiC (Moreno, et al., 2006) , TiB 2 (Huang, et al., 2005) , aluminum borate whiskers (Zhu & Lizuka, 2003) , TiN (Shyua, et al., 2002) , and others used for Al matrix composites (Zambona, et al., 2004 & Tang, et al., 2003 , the strengthening effect of the CNT reinforcement is the strongest ever reported. Table 1 . Comparative study of the CNTs(Ni)-Al matrix bulk composite and two typical materials with respect to density, hardness and tensile strength
Copper powder
From the binary phase diagram, it is known that Cu is inclined to form solid solution with Ni, Co and Fe. Experimental results showed that there were almost no carbon deposits synthesized by CVD using Ni catalyst nanoparticles deposited on Cu particle surface (prepared by deposition-precipitation) at any conditions. XRD analysis indicated that Ni and Cu had alloyed completely by diffusion at even lower than 500℃. It is also impossible to deposit a diffusion barrier layer on Cu particle surface, like that on buck Cu substrate. Thus, the only alternative way is to prepare a new kind of stable and effective catalyst, which is not affected by the underlayer materials. Herein, a novel Y stabilized Ni catalyst was successfully prepared by deposition-precipitation. XRD examination of the Ni-Y catalyst reduced at 500℃ indicated that there were no reactions between Ni and Cu. However, we did not found any phase peaks that possibly contained Y element (Fig. 6a) . Fig. 6b shows the TEM images of the Ni-Y catalyst with a weight ratio of 4:1 (Ni:Y) reduced at 500℃. It can be seen that the crystal lattice structure of the catalyst nanoparticle is very complex. The basic structure of the nanoparticle is Ni crystal lattice, while, some very small crystals with larger interplanar spacing (about 0.3nm, which is similar to that of the (111) plane of Y 2 O 3 ) seems to insert in the basic crystal lattice, as indicated by arrows in Fig. 6b . Thus, the whole particle demonstrates a mixture of Ni and Y 2 O 3 (very small Y 2 O 3 crystals embedded in Ni, which may be responsible to that why the XRD cannot detect any phases containing Y). The more Y content in the composite catalyst, the more stable the catalyst is. However, Y (Y 2 O 3 ) itself does not have any catalytic activity for CNT growth. Too Y loading will degrade the general activity of the novel composite catalyst. In order to prepare Cu composite with homogeneous CNT dispersion, the first step is to obtain homogeneously dispersed active catalyst on the Cu particle surface (Fig. 7a) and then grow CNTs with controllable content and quality by CVD (Fig. 7.b) . The resulting powder was termed as in situ CNT(Ni/Y)-Cu composite powder. Since some ceramic materials are suggested to be suitable as catalyst support, the in situ CNT synthesis has been widely used in the fabrication of ceramic matrix composite, which develops homogeneous CNT dispersion in the matrix (Peigney, et al., 2002) . However, most of the CNTs are located on the surface of ceramic powders, which inhibits the diffusion of matrix materials across or along the powder surfaces; thus, sintering cannot easily proceed without damaging the CNTs or removing them from the powder surface. Even if sintering is successful, CNTs are mostly located at grain boundaries of the matrix and are insignificant in improvement of material performance. Furthermore, the CNTs should be short enough to avoid entanglement (Balani, et al., 2008) . In order to overcome these shortcomings, we introduce the third step effectively to implant CNTs into the Cu powders. The in situ synthesized CNT(Ni/Y)-Cu composite powders and copper ions from the copper salt (Cu(NO 3 ) 2 •2.5H 2 O) were added into a minimal amount of ethanol and the solution was heated under constant magnetic stirring until the ethanol was vaporized completely (Fig.  7c) . Because the direct grown CNTs are attached on the Cu particles by metallurgical bond, CNTs can flow with the Cu particles without separation during the solution mixing by magnetic stirring, which prevents the agglomeration of CNTs. Thus, this unique process combining in situ synthesis of CNTs and a solution mixing can easily obtain a high dispersion of CNTs in metal matrix and a clean interfacial bond between the CNTs and matrix materials. The quantity of copper ions added is equal to that of the in situ CNT(Ni/Y)-Cu composite powders. The powders generated in the third step are generally a mixture, where the CNT(Ni/Y)-Cu composite powders were encapsulated by the basic Cu salts from decomposition of Cu(NO 3 ) 2 •2.5H 2 O (Fig. 7d) . The fourth is the calcination and reduction process to obtain chemically stable crystalline powders (Figure 1e ). During this process, the powders become CNT(Ni/Y)-Cu-CuO(Cu 2 O) by heating at 300 o C in air and are then reduced to CNT(Ni/Y)-Cu composite powders under a hydrogen atmosphere. Finally, the composite powers are hot pressed at 500 o C for 30min in a vacuum of 10 -6 torr with an applied pressure of 50MPa. Figure 8b is a typical growth time-carbon yield curve of the composite powders by CVD at 500 o C using 2%Ni1%Y-Cu catalyst. With longer time, the slope of the time-carbon yield curve is almost stable at first and then decreases, which is similar with previous reports (Venegoni, et al., 2002) . Figure 9a shows a low-magnification SEM image of the in-situ CNT(Ni/Y)-Cu composite powders obtained by CVD. Almost all Cu particles are decorated by CNTs, displaying spherical morphologies with CNTs highly dispersed into the powders. The most important feature of our process is that the CNTs are synthesized into the Cu powders in situ, resulting in a relatively firm bonding between CNTs and Cu powders. From Figure 9b , we can observe the direct growth of CNFs on the surface of Cu powder (indicated by white arrows). The diameter of CNFs ranges from 20-50nm. A high-resolution transmission electron microscopy (HRTEM) image of a typical CNT, as inserted in Figure 9b , demonstrates the well-graphitized herringbone structure. The graphitic sheets of CNTs are apparent, and the interlayer space between the sheets is similar with the ideal graphitic interlayer spacing (0.34nm). It is also found that the surface of the CNTs is not smooth, displaying a zigzag structure. During the third mixing process, the in-situ composite powder at micrometer level is easy to disperse highly in the solution under constant stirring, and the fluid force can not separate the CNTs and force them to move with the Cu powders. Furthermore, the Cu ions at the atomic level are mixed with CNTs in the solution and thus contact with CNTs very well. powders show an ideal composite microstructure, which displays a network with CNTs implanted in the Cu powders. It is also interesting that Cu is directly synthesized at the surface of neat CNTs, producing CNT-Cu chains instead of agglomerating together to form large particles (see Figure 10b) , thus, realizing excellent wetting of the tubes by Cu, separation of the tubes, and excellent dispersion in the matrix. The final composite powders were consolidated into a bulk CNT(Ni/Y)-Cu composite by a vacuum hot pressing process. Fig. 11a shows a low-magnification SEM micrograph of the CNT(Ni/Y)-Cu composite surface after chemical etching. There are many dark gray particles highly dispersed into the light gray area. High-magnification SEM images indicated that there are many twin striations in the dark gray particles, which is the typical character of crystalline copper (Fig. 11b) . These dark gray particles are the original copper particles in the in situ CNT(Ni/Y)-Cu powders, which have been encapsulated completely and not oxidized during the calcination in air. XRD analysis of the calcined powders also indicates the existence of Cu. The inserted picture in Fig. 11b shows a typical boundary between the dark gray particles and the gray matrix area. It can be seen that the CNTs are still connected with the Cu particles, inferring that the CNTs are not separated from the in situ CNT(Ni/Y)-Cu powders during the mechanical stirring or the bonding strength between the CNTs and Cu support is strong enough to endure the flowing force. The flowing trace of CNTs with the solution can be observed (indicated by white arrow and ellipse). The gray area shows a highly homogeneous distribution of CNTs within the Cu matrix (Fig. 11c) . Particularly, the CNTs form a 3-dimensional (3-D) network within the Cu grains instead of locating at the grain boundary (Fig. 11c insert) . The mechanical properties of the CNT(Ni/Y)-Cu composite were characterized using compressive tests. As shown in Fig. 12a , the compressive yield strengths of CNT(Ni/Y)-Cu composite were much higher than that of the Cu matrix, which was fabricated by the same hot pressing process without adding CNT(Ni/Y). A 3.4wt.% CNT-reinforced Cu composite showed a yield strength of 581MPa, which is more than 3.6 times higher than that of Cu.
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Even with as much as 5.7wt.% CNTs, the yield strength was still 448MPa, which is 2.8 times higher than that of Cu. The reduction of the properties of the composites with high fraction of CNTs may be due to the local agglomeration of CNTs and low relative density. However, compared with that obtained by traditional methods, the yield strength of the composites with 5.7%CNTs was still higher, meaning that the agglomeration of CNTs is not serious. By reducing the powder size of Cu used for catalyst and post treatment of the composites, such as hot extrusion, it has high potential to improve the properties of the composites further. Such research is in the processing. The linear coefficient of thermal expansion (CTE, o C) of the composite with 5.7wt.% CNTs reduced to 10.1*10 -6 / o C, about 57.7% the CTE measured on the Cu. As shown in Table 2 , the reinforcement efficiency for reduction of CTE of composites, i.e., the effect of a given volume percentage of reinforcement on the matrix, is more than two times that of W, Mo, SiC and diamond (Table 2 ). This indicates that the composites with high CNT content have potential as advanced heat sink materials, which requires low CTE, high thermal conductivity and machinability. [a] The efficiency of the reinforcement R=(σc-σm)/Vfσm.
[b] The density of CNFs is estimated as 1.8g/cm -3 . Table 2 . The efficiencies of several reinforcement materials for reduction of CTE of composites (Schubert, et al., 2008 & Wu, et al., 2006 & Geffroy, et al., 2007 & Lee, et al., 2007 Such excellent strengthening by CNT reinforcement was due to the high dispersion of CNTs and the high load-transfer efficiency of CNTs in the metal matrix. The fracture surface of the CNT(Ni/Y)-Cu composite under bending test indicates that almost all dimples, inferring ductile fracture mechanism of the composite, are evenly decorated by CNT tips, further confirming the high dispersion of CNTs. Moreover, all the CNTs that pull out are very short, meaning that some CNTs may be broken during the fracture and thus indicating that the load transfer from the matrix to the nanotube is sufficient to break the CNTs. Fig. 12b shows the fracture surface after a compression test. It can be observed that there are composite particles instead of single CNTs that pull out, also inferring the strong interfacial bonding strength between CNTs and Cu. bridging CNTs between the pull-out particles and bulk composite can be observed (indicated by circle in Fig. 12b ). As is known, there are three main load transfer mechanisms that control the full operation of the stress transfer, including micro-mechanical interlock, chemical bonding (interaction) and a weak van der Waals attractive force. Because Cu cannot react with untreated CNTs, chemical bonding between CNTs and Cu in our experiments is impossible. The weak van der Waals attractive force cannot transfer high loads. Thus, the possible main mechanism is micro-mechanical interlock. As observed by SEM, the nanotubes have physically contacted well with the Cu from the copper salt by mixing in a solution. Furthermore, the herringbone structure and uneven wall of CNTs also increase the micro-mechanical interlock strength.
Other metal powders
Apart from Al and Copper, other popular metal powders, such as Ag and Mg, were also examined as catalyst support for CNT growth. For the Ni/Ag catalyst, the CVD processes were performed at temperatures among 500-700℃. The weight of the catalyst before and after CVD was increased only a very little amount (＜1wt.%). TEM and SEM analysis showed that there was almost no carbon deposit observed in the product obtained at 500℃, while, only a few amorphous carbon or graphite fragments was detected in the product obtained at 700℃ and the diameter of most catalyst particles became micro-size level (Fig.  13) , meaning that the activity and selectivity of the catalyst was impaired seriously even there was only a little diffusion of Ag into Ni, apart from the aggregation of the catalyst. Fig. 14 shows the XRD analysis of the products obtained by CVD using Ni/Mg at various reaction temperatures. Both Ni and MgO peaks are detected in the product obtained at 400℃. However, MgO can not resist the reactions between Ni and Mg at higher temperature, inferring that MgO is not compact and some Ni particles may be attached directly on the Mg surface. From Fig. 14b , it is observed that Mg 2 Ni begins to be formed when the temperature increases to 450℃. SEM image and Raman spectrum show that short and thin CNTs are obtained at 400℃ (Fig. 15a and c) . When the reaction temperature is above 400℃, there are almost no carbon deposits formed as shown in Fig. 15b , indicating that Mg 2 Ni can not catalyze the decomposition of CH 4 . Based on the above analysis, it seems that the chemical reaction or diffusion between catalyst and substrate impairs the activity of the catalyst seriously. When the catalyst reacts with substrate, the catalyst will poison. The novel Ni/Y catalyst was also applied in Ag an Mg powders. Experimental results indicated that CNTs grown on Ag particles using Ni/Y catalyst was similar with that on Cu particles. Ni/Y catalyst supported on Mg, which presents a higher stability and catalytic property than Ni catalyst, was also successful to catalyze CNT growth directly on Mg particles. Those results infer that different metal supports have relative little effect on the activity of the catalyst if the reaction between catalyst and support is critically controlled, meaning that all metal powders are possible to be used as catalyst carriers for CNT growth by CVD. The works using these in situ CNT-metal composite powders to fabricate buck composites are in progress.
Conclusion
In summary, carbon nanotube integration with metal substrate by direct growth technique has been explored as a new approach for electronic device design and CNT-based composite fabrications. Many teams demonstrated solutions to the key challenge of growing highquality CNTs directly on various metal substrates. The performance of electronic devices by direct growth of CNTs, such as field emitters, supercapacitors, lithium ion batteries and ITMs, has been validated to be more excellent than that by external connection of CNTs. Direct growth of CNTs in metal powders can greatly improve the dispersion of CNTs in matrix and interfacial properties between CNTs and metal matrix, thus promoting the performance of the CNTs/metal composites. The next milestone will be the commercialization of this technology. 
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